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Electronic Raman response in electron-doped cuprate superconductors
Zhihao Geng and Shiping Feng
Department of Physics, Beijing Normal University, Beijing 100875, China
The electronic Raman response in the electron-doped cuprate superconductors is studied based
on the t-t′-J model. It is shown that although the domelike shape of the doping dependent peak
energy in the B2g symmetry is a common feature for both electron-doped and hole-doped cuprate
superconductors, there are pronounced deviations from a cubic response in the B1g channel and
a linear response in the B2g channel for the electron-doped case in the low energies. It is also
shown that these pronounced deviations are mainly caused by a nonmonotonic d-wave gap in the
electron-doped cuprate superconductors.
PACS numbers: 74.25.nd, 74.72.Ek, 74.20.Mn, 74.20.-z
The parent compounds of cuprate superconductors are
believed to belong to a class of materials known as Mott
insulators with an antiferromagnetic (AF) long-range or-
der (AFLRO), where a single common feature is the pres-
ence of the CuO2 plane [1, 2]. As the CuO2 planes are
doped with charge carriers, holes or electrons, the AF
phase subsides and superconductivity emerges [1, 2]. It
has been found that only an approximate symmetry in
the phase diagram exists about the zero doping line be-
tween the hole-doped (p-doped) and electron-doped (n-
doped) cuprate superconductors, and the significantly
different behavior of the p-doped and n-doped cuprate su-
perconductors is observed [3], reflecting the electron-hole
asymmetry. For the p-doped cuprate superconductors,
AFLRO is reduced dramatically with doping, and van-
ished around the doping δ ∼ 0.05, then superconductivity
emerges over a wide range of the hole doping concentra-
tion δ, around the optimal doping δ ∼ 0.15 [1, 3], where
the pair-breaking peaks observed from the Raman scat-
tering measurements have been extracted in different po-
larization configurations [4–8], and the results show that
the electronic Raman response (ERR) depends linearly
on energy in the B2g channel in the low energy limit, and
depends cubically on energy in the B1g channel. How-
ever, AFLRO survives until superconductivity appears
over a narrow range of the electron doping concentration
δ, around the optimal doping δ ∼ 0.15 in the n-doped
counterparts [2, 3], where although the low-energy behav-
iors of the B1g and B2g channels approach very specific
power laws consistent with the presence of lines nodes
in the superconducting (SC) gap, the pair-breaking peak
energy values in the B1g and B2g channels can be dif-
ferent in some instances, while in some others they are
virtually identical [9–13]. In this case, the investigating
similarities and differences of ERR between the p-doped
and n-doped cuprate superconductors would be crucial
to understanding physics of superconductivity in doped
cuprates.
Theoretically, ERR has been thoroughly stud-
ied based on the phenomenological Bardeen-Cooper-
Schrieffer (BCS) formalism with a monotonic d-wave gap
and the microscopic model and understood in the p-
doped cuprate superconductors [14–21], however, no sim-
ilar studies have been made so far for the n-doped coun-
terparts. In this case, an important issue is what aspects
of the low energy excitations determined by ERR in both
p-doped and n-doped cuprate superconductors are uni-
versal. In our recent work [22] based on the kinetic energy
driven SC mechanism [23], the doping and temperature
dependence of ERR in the p-doped cuprate supercon-
ductors has been discussed, and some main features of
ERR in the p-doped cuprate superconductors are qualita-
tively reproduced [4–8]. In this paper, we study the dop-
ing and temperature dependence of ERR in the n-doped
counterparts along with this line. We show explicitly
that the pair-breaking peak energy in the B2g symmetry
continuously follows the SC transition temperature Tc
throughout the SC dome as ω
B2g
peak ∝ Tc, and therefore is
a common feature for both n-doped and p-doped cuprate
superconductors. However, there are pronounced devi-
ations from a cubic response in the B1g channel and a
linear response in the B2g channel in the low energies.
Our results also show that these pronounced deviations
are intriguingly related to a nonmonotonic d-wave gap in
the n-doped cuprate superconductors.
It has been shown that the essential physics of the n-
doped cuprate superconductors is contained in the t-t′-J
model on a square lattice [3, 24],
H = t
∑
iηˆσ
PC†iσCi+ηˆσP
† − t′
∑
iτˆσ
PC†iσCi+τˆσP
†
− µ
∑
iσ
PC†iσCiσP
† + J
∑
iηˆ
Si · Si+ηˆ, (1)
where t < 0, t′ < 0, ηˆ = ±xˆ,±yˆ, τˆ = ±xˆ ± yˆ, C†iσ
(Ciσ) is the electron creation (annihilation) operator,
Si = (S
x
i , S
y
i , S
z
i ) are spin operators, and µ is the chem-
ical potential. The nontrivial part of the t-t′-J model
(1) resides in the projection operator P which restricts
the Hilbert space to exclude the zero occupancy, i.e.,∑
σ C
†
iσCiσ ≥ 1. In this case, an important question
is the relation between the p-doped and n-doped cuprate
superconductors. The t-J model with nearest neighbor
hopping t has a particle-hole symmetry because the sign
of t can be absorbed by changing the sign of the orbital
on one sublattice. However, the particle-hole asymmetry
2can be described by including the next-nearest neighbor
hopping t′ [25, 26]. Although there is a similar strength of
the magnetic interaction J for both p-doped and n-doped
cuprate superconductors, the interplay of t′ with t and J
causes a further weakening of the AF spin correlation for
the p-doped cuprate superconductors, and enhancing the
AF spin correlation in the n-doped counterparts [25–27],
therefore the AF spin correlation in the n-doped case is
stronger than that in the p-doped side.
For incorporating the single occupancy constraint in
the p-doped cuprate superconductors, we have devel-
oped a charge-spin separation (CSS) fermion-spin theory
[28]. For description of the n-doped counterparts within
this CSS fermion-spin theory, the t-t′-J model (1) can
be rewritten in terms of a particle-hole transformation
Ciσ → f
†
i−σ as,
H = −t
∑
iηˆσ
f †iσfi+ηˆσ + t
′
∑
iτˆσ
f †iσfi+τˆσ
+ µ
∑
iσ
f †iσfiσ + J
∑
iηˆ
Si · Si+ηˆ, (2)
then the local constraint
∑
σ C
†
iσCiσ ≥ 1 is transferred as∑
σ f
†
iσfiσ ≤ 1, where f
†
iσ (fiσ) is the hole creation (anni-
hilation) operator. Now we follow the CSS fermion-spin
theory, and decouple the hole operators as fi↑ = a
†
i↑S
−
i
and fi↓ = a
†
i↓S
+
i , respectively, where the spinful fermion
operator aiσ = e
−iΦiσai represents the charge degree of
freedom together with some effects of the spin configu-
ration rearrangements due to the presence of the doped
electron itself (charge carrier), while the spin operator
Si represents the spin degree of freedom, then the single
occupancy local constraint
∑
σ f
†
iσfiσ ≤ 1 is satisfied in
analytical calculations. In this CSS fermion-spin repre-
sentation, the t-t′-J model (2) can be expressed as,
H = t
∑
iηˆ
(a†i+ηˆ↑ai↑S
+
i S
−
i+ηˆ + a
†
i+ηˆ↓ai↓S
−
i S
+
i+ηˆ)
− t′
∑
iτˆ
(a†i+τˆ↑ai↑S
+
i S
−
i+τˆ + a
†
i+τˆ↓ai↓S
−
i S
+
i+τˆ )
− µ
∑
iσ
a†iσaiσ + Jeff
∑
iηˆ
Si · Si+ηˆ, (3)
where Jeff = (1 − δ)
2J , and δ = 〈a†iσaiσ〉 = 〈a
†
iai〉 is the
electron doping concentration. As in the discussions of
the p-doped case [23], the SC order parameter for the
electron Cooper pair in the n-doped side also can be de-
fined as,
∆ = 〈C†i↑C
†
j↓ − C
†
i↓C
†
j↑〉 = 〈ai↑aj↓S
†
i S
−
j − ai↓aj↑S
−
i S
+
j 〉
= −〈S+i S
−
j 〉∆a, (4)
with the charge carrier pairing order parameter ∆a =
〈aj↓ai↑− aj↑ai↓〉. It has been shown experimentally that
the hot spots are located close to [±pi, 0] and [0,±pi] (in
units of inverse lattice constant) points of the Brillouin
zone (BZ) in the p-doped case, resulting in a monotonic
d-wave gap [29]. In contrast, the hot spots are located
much closer to the zone diagonal in the n-doped side,
leading to a nonmonotonic d-wave gap [12, 30],
∆(k) = ∆[γ
(d)
k
−Bγ
(2d)
k
], (5)
where γ
(d)
k
= [coskx − cosky]/2 and γ
(2d)
k
= [cos(2kx) −
cos(2ky)]/2, then the maximum gap is observed not at
the BZ boundary as expected from the monotonic d-wave
gap, but at the hot spot between [pi,0] and [pi/2,pi/2],
where the AF spin fluctuation most strongly couples to
electrons, supporting a spin-mediated pairing mechanism
[30].
For a microscopic description of the SC state in cuprate
superconductors, we [23] have developed a kinetic energy
driven SC mechanism, where the interaction between
charge carriers and spins from the kinetic energy term
in the t-t′-J model (3) induces a charge carrier pairing
state with the d-wave symmetry by exchanging spin exci-
tations, while the electron Cooper pairs originating from
this charge carrier pairing state are due to the charge-
spin recombination, and their condensation reveals the
SC ground-state. Moreover, this SC state is a conven-
tional BCS-like with the d-wave symmetry [31], so that
some main features of the low energy electronic structure
of both p-doped and n-doped cuprate superconductors
have been quantitatively reproduced [31, 32]. In partic-
ular, the doping and energy evolution of the magnetic
excitations in the n-doped cuprate superconductors has
been studied [33] in terms of a nonmonotonic d-wave gap
(5), and the results show that there is a broad commen-
surate scattering peak at low energy, then the resonance
energy is located among this low energy commensurate
scattering range. This low energy commensurate scat-
tering disperses outward into a continuous ring-like in-
commensurate scattering at high energy. Following our
previous discussions [32, 33], the full charge carrier Green
function of the n-doped cuprate superconductors can be
obtained in the Nambu representation as,
g(k, iωn) = ZaF
iωnτ0 + ξ¯akτ3 − ∆¯aZ(k)τ1
(iωn)2 − E2ak
, (6)
where τ0 is the unit matrix, τ1 and τ3 are Pauli matri-
ces, the renormalized charge carrier excitation spectrum
ξ¯ak = ZaFξak, with the mean-field charge carrier excita-
tion spectrum ξak = Ztχ1γ
(s)
k
− Zt′χ2γ
(2s)
k
− µ, the spin
correlation functions χ1 = 〈S
+
i S
−
i+ηˆ〉 and χ2 = 〈S
+
i S
−
i+τˆ 〉,
γ
(s)
k
= (1/Z)
∑
ηˆ e
ik·ηˆ, γ
(2s)
k
= (1/Z)
∑
τˆ e
ik·τˆ , Z is the
number of the nearest neighbor or next-nearest neighbor
sites, the renormalized charge carrier d-wave pair gap
∆¯aZ(k) = ZaF∆¯a(k), with the effective charge carrier d-
wave pair gap ∆¯a(k) = ∆¯a[γ
(d)
k
−Bγ
(2d)
k
], and the charge
carrier quasiparticle spectrum Eak =
√
ξ¯2ak + |∆¯aZ(k)|
2,
while the effective charge carrier pair gap ∆¯a(k) and
the quasiparticle coherent weight ZaF satisfy the fol-
lowing equations [33] ∆¯a(k) = Σ
(a)
2 (k, ω = 0) and
3Z−1aF = 1 − Σ
(a)
1o (k, ω = 0) |k=[pi,0], where Σ
(a)
1 (k, ω)
and Σ
(a)
2 (k, ω) are the charge carrier self-energies ob-
tained from the spin bubble, and have been given in Ref.
32 except the effective charge carrier monotonic d-wave
gap has been replaced by the present nonmonotonic one,
while Σ
(a)
1o (k, ω) is the antisymmetric part of Σ
(a)
1 (k, ω).
These equations have been solved simultaneously with
other self-consistent equations [32, 33], then all order pa-
rameters, decoupling parameter α, and chemical poten-
tial µ have been determined by the self-consistent calcu-
lation.
In the CSS fermion-spin representation [28], the elec-
tron Green’s function,
G(k, iωn) =
(
G11(k, iωn), G12(k, iωn)
G21(k, iωn), G22(k, iωn)
)
, (7)
is a convolution of the spin Green’s function and charge
carrier Green’s function (6), and its diagonal and off-
diagonal componentsG11(i−j, t−t
′) = 〈〈Ciσ(t);C
†
jσ(t
′)〉〉
and G21(i− j, t− t
′) = 〈〈C†i↑(t);C
†
j↓(t
′)〉〉 have been given
in Ref. [32].
For discussions of ERR in the n-doped cuprate su-
perconductors, we need to calculate the ERR function
S˜(q, ω), which can be obtained in terms of the imaginary
part of the Raman density-density correlation function
χ˜(q, ω) as [14],
S˜(q, ω) = −
1
pi
[1 + nB(ω)]Imχ˜(q, ω), (8)
with nB(ω) is the boson distribution function, while the
Raman density-density correlation function χ˜(q, ω) is de-
fined as χ˜(q, τ − τ ′) = −〈Tργ(q, τ)ργ(−q, τ
′)〉, with the
Raman density operator in the Nambu representation
ργ(q) =
∑
k
γkC
†
k+ q
2
τ3Ck− q
2
, where the bare Raman ver-
tex γk can be classified by the representations B1g, B2g,
and A1g of the point group D4h of the square lattice as
[14],
γk =


bωi,ωs [cos(kxa)− cos(kya)] /4, B1g,
b′ωi,ωs sin(kxa) sin(kya), B2g,
aωi,ωs [cos(kxa) + cos(kya)] /4, A1g,
(9)
respectively, where as a qualitative discussion, the mag-
nitude of the energy dependence of the prefactors b, b′
and a can be rescaled to units. The Raman vertex γk (9)
also shows that for the B2g channel, the Raman vertex
is most sensitive to the nodal ([±pi/2,±pi/2]) region of
the BZ and vanishes along [0, 0] → [pi, 0] and equivalent
lines of the BZ. However, for the B1g channel, the nodal
[0, 0]→ [pi, pi] diagonals do not contribute to the intensity
that mainly integrates from regions near intersections of
the Fermi surface and the BZ boundary. In this case, the
Raman density-density correlation function χ˜(q, ω) can
be expressed in terms of the electron Green’s function (7)
as,
χ˜γ1γ2(q, iqn) =
1
N
∑
k
γ1kγ2k
1
β
∑
iωn
Tr[G(k − q/2, iωn)
× τ3G(k + q/2, iωn − iqn)τ3], (10)
then the explicit form of the obtained χ˜γ1γ2(q, ω) in the
present n-doped cuprate superconductors is the same as
that given in Ref. 22 for the p-doped counterparts ex-
cept the charge carrier quasiparticle coherence factors
U21hk = (1 + ξ¯k/Ehk)/2 and U
2
2hk = (1 − ξ¯k/Ehk)/2,
the renormalized charge carrier d-wave pair gap ∆¯hZ(k),
and the charge carrier quasiparticle spectrum Ehk have
been replaced as U21ak = (1 − ξ¯k/Eak)/2 and U
2
2ak =
(1 + ξ¯k/Eak)/2, ∆¯aZ(k), and Eak, respectively. This re-
sult shows that the Raman density-density correlation
function (10) [then the ERR function (8)] is closely re-
lated to the pair coherence factors, which give rise to the
occurrence of the pair-breaking features in the spectra
[14, 22]. The above Raman density-density correlation
function (10) also shows that the variation with momen-
tum of the Raman vertex γk is coupled to the momentum
dependence of the charge carrier nonmonotonic d-wave
gap ∆¯aZ(k) in the n-doped case, leading to a strong po-
larization dependence of the spectra.
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FIG. 1: (a) B1g and (b) B2g spectra as a function of energy at
p = 0.17 for T = 3K. The dashed lines are a cubic and a linear
fit for the low-energy B1g and B2g spectra, respectively. Inset:
the corresponding experimental results of Pr2−xCexCuO4−δ
taken from Ref. 13.
For the n-doped cuprate superconductors, although
the values of J , t, and t′ in the t-t′-J model (1) are be-
4lieved to vary somewhat from compound to compound,
the numerical calculations [25, 26] have extracted the
range of these parameters as J ≈ 0.1 ∼ 0.13eV, t/J =
−2.5 ∼ −3, and t′/t is of order 0.2 ∼ 0.3. However, as a
qualitative discussion in this paper, the commonly used
parameters are chosen as t/J = −2.5, t′/t = 0.3, and
J = 0.13eV≈ 1500K≈ 1049cm−1. We are now ready to
discuss the doping and temperature dependence of ERR
in the n-doped cuprate superconductors. We have per-
formed a calculation for the ERR function (8) in both B1g
and B2g orientations, and the results of (a) the B1g and
(b) B2g spectra at the overdoping p = 0.17 in tempera-
ture T = 3K are plotted in Fig. 1 in comparison with the
corresponding experimental results [13] of the n-doped
cuprate superconductor Pr2−xCexCuO4−δ (PCCO) are
also presented in Fig. 1 (inset). As in the hole-doped case
[22], both B1g and B2g spectra in the overdoped regime
are characterized by the presence of the pair-breaking
(2∆) peaks and low-energy tails. These low-energy tails
of the Raman continuum change to reflect the opening of
the gap, i.e., the strength of the low-energy continuum
is reduced and the spectrum acquires the pair-breaking
peak as a result of excitations across the anisotropic gap
2∆(k), while the pair-breaking peaks correspond to the
excitations out of the SC condensate. However, for differ-
ent scattering geometries spectra differ in their intensity
as well as in the position of the 2∆ peaks. Although the
effective charge carrier pair gap ∆¯aZ(k) [then the SC gap
(5)] obviously deviates from the monotonic d-wave gap
[30], it is basically consistent with the d-wave symmetry.
This leads to that the pair-breaking peak intensities in
both B1g and B2g below the SC coherence peaks vanish
smoothly without a threshold to zero energy [22]. Fur-
thermore, we have also fitted the low-energy tails to an ω3
power law in the B1g response and linearly with ω in the
B2g response, however, in sharp contrast to the p-doped
case [22], there are pronounced deviations from a cubic
response in the B1g channel and a linear response in the
B2g channel. For the p-doped cuprate superconductors,
the interpretation of the cubic response in the B1g chan-
nel and linear response in the B2g channel is consistent
with the monotonic d-wave gap [14, 22]. In compari-
son with the p-doped case, our present results also show
that these pronounced deviations in the low energies in
the n-doped counterparts are mainly caused by the non-
monotonic d-wave gap, which is also consistent with the
interpretation in terms of the phenomenological BCS for-
malism with the nonmonotonic d-wave gap given in Ref.
12. However, there is a substantial difference between
theory and experiment, namely, in the extremely low en-
ergies, the calculated ERR spectrum in the B1g channel
is roughly consistent with an ω3 power law, while the
calculated ERR spectrum in the B2g channel is in dis-
agreement with a linear ω response. This result in the
extremely low energies seems not to be consistent with
the corresponding experimental data [13], where in the
extremely low energies, the ERR spectrum in the B1g
channel does not show an ω3 behavior, while the ERR
spectrum in the B2g channel may be a linear ω depen-
dence. The simple t-J model can not be regarded as
a complete model for the quantitative comparison with
cuprate superconductors, however, as a qualitative dis-
cussion in this paper, the overall shape seen in the the-
oretical result is qualitatively consistent with that ob-
served in the experiment [13].
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FIG. 2: B2g spectrum as a function of energy at p = 0.17 for
T = 5.2K (solid line), T = 8.2K (dotted line), and T = 10.5K
(dashed line). Inset: the corresponding experimental results
of Pr2−xCexCuO4−δ taken from Ref. 13.
ERR in Fig. 1 is also temperature dependent. To an-
alyze the evolution of ERR in Fig. 1 with temperature,
we have performed a calculation for the ERR function
(8) in the B2g channel with different temperatures, and
the results of the B2g spectrum as a function of energy
with T = 5.2K (solid line), T = 8.2K (dotted line), and
T = 10.5K (dashed line) for p = 0.17 are plotted in Fig.
2 in comparison with the corresponding experimental re-
sults [13] of PCCO (inset). Within the kinetic energy
driven SC mechanism, the calculated SC transition tem-
perature Tc = 33K at p = 0.17. This anticipated SC
transition temperature is not too far from the SC tran-
sition temperature Tc = 13K observed experimentally
on PCCO at p = 0.17 [13]. Obviously, the experimen-
tal results of the ERR spectrum [13] are qualitatively
reproduced. In particular, the pair-breaking peak loses
intensity and moves to lower energies by increasing tem-
peratures. Furthermore, as in the p-doped case [22], this
pair-breaking peak intensity in the n-doped counterparts
also follows a pair gap type temperature dependence, and
disappears at the SC transition temperature Tc.
Now we turn to discuss the doping dependence of ERR.
We have made a series of calculations for the ERR func-
tion (8) with different doping concentrations, and the
results of the (a) B1g and (b) B2g spectra as a func-
tion of energy with p = 0.165 (solid line) and p = 0.17
(dashed line) at T = 3K are plotted in Fig. 3 in com-
parison with the corresponding experimental results [13]
of PCCO (inset). Our results show that with increasing
the doping concentration in the overdoped regime, the
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FIG. 3: (a) B1g and (b) B2g spectra as a function of en-
ergy at p = 0.165 (solid line) and p = 0.17 (dashed line)
for T = 3K. Inset: the corresponding experimental results of
Pr2−xCexCuO4−δ taken from Ref. 13.
weights of the peaks in both B1g and B2g symmetries
increase, while the peak energies in both B1g and B2g
channels decrease. However, since there is the weakness
of the calculated ERR spectrum in the extremely low en-
ergies as shown in Fig. 1, the doping dependence of the
ERR spectrum in the low energies is better than that
in the extremely low energies. Moreover, in contrast to
the case in the overdoped regime, the peak energies in
both B1g and B2g channels move to the higher energies
when increasing doping concentration in the underdoped
regime. To show this point clearly, we have calculated
the ERR function (8) throughout the SC dome, and then
employed the shift of the leading-edge mid-point as a
measurement of the magnitude of the gap at each dop-
ing concentration just as it has been done in the experi-
ments [13]. The results for the extracted (a) B1g and (b)
B2g peak energies as a function of doping with T = 3K
are plotted in Fig. 4. For comparison, the correspond-
ing experimental results [13] of PCCO are also presented
in Fig. 4 (inset). It is shown that both peak energies
have pronounced maximum around the optimal doping,
and then decreases in both underdoped and overdoped
regimes. The maximum values of the peak energy for
the B2g channel throughout the SC dome are very simi-
lar to the single particle spectroscopy gap values [3, 32],
and therefore continuously follows the SC transition tem-
perature as ω
B2g
peak ∝ Tc. In this sense, it can be closely
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FIG. 4: (a) B1g and (b) B2g peaks as a function of doping
for T = 3K. Inset: the corresponding experimental results of
Pr2−xCexCuO4−δ taken from Ref. 13.
associated with twice the gap magnitude, in good agree-
ment with the experimental results [13]. Furthermore,
incorporating with our previous results of ERR for the
p-doped case [22], our present results also show that the
domelike shape of the doping dependent peak energy in
the B2g symmetry is a common feature for both electron-
doped and hole-doped cuprate superconductors. In the
B1g orientation, our present results of the maximum val-
ues of the peak energy in the optimally and overdoped
regimes are in qualitative agreement with the the corre-
sponding experimental results [13] of PCCO. This seems
to show that peak energy in B1g channel in the optimally
and overdoped regimes is qualitatively related to the gap.
However, in the underdoped regime, no extracted max-
imum values of the Raman scattering peak energy from
experimental measurements on the n-doped counterparts
are available now. In this case, we can not make a di-
rect comparison for the present theoretical results with
the corresponding experimental data in the underdoped
regime, and therefore present theoretical results in the
underdoped regime need to be verified by further Ra-
man scattering experiments. On the other hand, since
the integrated reduced coherence peak intensity in the
SC state is proportional to the superfluid density ρs [13],
therefore the domelike shape of the doping dependent
ERR spectrum in the n-doped cuprate superconductors
implies that the superfluid density ρs increases with in-
creasing doping in the lower doped regime, and reaches
6a maximum around the critical doping, then decreases in
the higher doped regime. This has been confirmed by our
study of the doping dependence of the superfluid density
in the n-doped cuprate superconductors [34].
The electronic states in solids are characterized by
their energy dispersions as well as the characteristic life-
time of an electron placed into such a state. This state is
represented by the single-particle propagator, while the
spectral function is directly related to the analytically
continued single-particle propagator [14]. In particular,
this spectral function is measurable via angle-resolved
photoemission spectroscopy (ARPES) techniques and
can provide an important information about quasipar-
ticles [3]. Within the framework of the kinetic energy
driven SC mechanism, the essential physics of ERR in
the n-doped cuprate superconductors is the same as that
in the p-doped counterparts [22]. The kinetic energy
driven SC-state in the n-doped cuprate superconductors
is the conventional BCS like with the d-wave symmetry
[32], where it has been shown that this kinetic energy
driven d-wave BCS formalism can reproduce quantita-
tively some main low energy features of the ARPES ex-
perimental data of the n-doped cuprate superconductors.
However, many of the unusual physical properties of the
two-particle electron dynamics across the phase diagram
are attributed to particular characteristics of low energy
excitations determined by ERR. Although the differences
between single-particle and two-particle properties are in-
escapable in cuprate superconductors, the single-particle
and two-particle correlation functions can be related each
other [14]. This is why the kinetic energy driven d-wave
BCS formalism is still valid in discussions of the dop-
ing and temperature dependence of ERR in the n-doped
cuprate superconductors.
In the p-doped cuprate superconductors, the Raman
scattering experimental data show that the peak energy
in B1g channel increases essentially linearly as the doping
concentration is reduced in the underdoped regime [7, 8],
which reflects that the peak energy in the B1g symme-
try is progressively disconnected from superconductivity
as one goes from the overdoped regime to the under-
doped regime. In Ref. 8, it has been argued that for a
correct description of the B1g spectrum in the p-doped
cuprate superconductors in the underdoped regime, two
essential ingredients should be taken into account within
the d-wave BCS formalism: (1) the quasiparticle spectral
weight ZF(k) as well as the vertex correction describing
the interaction of the quasiparticles with external per-
turbations; and (2) a general gap also should be taken
into account by including the higher order of the har-
monic component in the monotonic d-wave gap. In our
recent work based on the monotonic d-wave gap for the
p-doped cuprate superconductors [22], the first condition
is partially satisfied, since the doping dependence of the
quasiparticle spectral weight ZF has been included in the
discussions. However, the vertex correction for the inter-
action of the quasiparticles due to the presence of the
spin fluctuation is not included, which also is doping and
momentum dependent. In this case, our theoretical re-
sults [22] of ERR for the p-doped cuprate superconduc-
tors in the B1g channel in the underdoped regime is in
disagreement with the corresponding experimental data
[7, 8]. For the second condition, our present study shows
indirectly that if the vertex correction for the interaction
of the quasiparticles with external perturbations is not
considered, even a more general nonmonotonic d-wave
gap (5) is used for discussions of ERR in the p-doped
cuprate superconductors, the correct behavior of ERR
in the B1g channel in the underdoped regime still can
not be reproduced. Thus an important issue is how the
vertex correction for the interaction of the quasiparticles
due to the presence of the spin fluctuation is taken into
account within the kinetic energy driven d-wave BCS for-
malism for a correct description of the B1g spectrum of
the p-doped cuprate superconductors in the underdoped
regime. On the other hand, the effect of a weak magnetic
field on ERR is not considered in the present work. How-
ever, the depairing due to the Pauli spin polarization is
very important in the presence of a weak magnetic field,
since both p-doped and n-doped cuprate superconductors
are doped Mott insulators with the strong short-range
AF correlation dominating the entire SC phase [3]. In
particular, in the kinetic energy driven SC mechanism
[23], where the charge carrier-spin interaction from the
kinetic energy term induces a d-wave pairing state by
exchanging spin excitations. Therefore under the kinetic
energy driven SC mechanism, an external magnetic field
aligns the spins of the unpaired electrons, then the d-
wave electron Cooper pairs in both p-doped and n-doped
cuprate superconductors can not take advantage of the
lower energy offered by a spin-polarized state. This leads
to that a weak magnetic field may suppress the pair-
breaking peak magnitude in the ERR spectrum at a rapid
rate [13, 35]. These and the related issues are under in-
vestigation now.
In summary, we have studied the doping and temper-
ature dependence of ERR in the n-doped cuprate super-
conductors based on the kinetic energy driven SC mech-
anism. Our results show that the pair-breaking peak en-
ergy in the B2g symmetry continuously follows the SC
transition temperature Tc throughout the SC dome as
ω
B2g
peak ∝ Tc, and therefore is a common feature for both
n-doped and p-doped cuprate superconductors. How-
ever, in sharp contrast to the p-doped counterparts, there
are pronounced deviations from a cubic response in the
B1g channel and a linear response in the B2g channel in
the low energies. Our results also show that these pro-
nounced deviations are mainly caused by a nonmonotonic
d-wave gap in the n-doped cuprate superconductors.
Within the framework of the kinetic energy driven
SC mechanism, the electromagnetic response in both p-
doped and n-doped cuprate superconductors in the SC
state has been studied [34–36]. It is shown that the mag-
netic field penetration depth shows a crossover from the
linear temperature dependence at low temperatures to
a nonlinear one at the extremely low temperatures. In
7particular, in analogy to the domelike shape of the dop-
ing dependent SC transition temperature, the maximal
superfluid density occurs around the critical doping, and
then decreases in both lower doped and higher doped
regimes. These are consistent with the present results
of the Raman response in the n-doped cuprate supercon-
ductors and our recent results [22] of the Raman response
in the p-doped cuprate superconductors, and all these
studies are important to confirm the nature of the SC
phase of both p-doped and n-doped cuprate supercon-
ductors as a d-wave BCS-like SC state within the kinetic
energy driven SC mechanism.
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